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ABSTRACT 
 
Phosphorous (P) flows plays a vital role in defining the sustainability of Food-Energy-Water 
nexus related to crop production, animal production, water pollution, resource recycling, and 
energy flows. Majority of domestic ethanol production in United States uses corn as its raw 
material. The co-products produced during the corn-ethanol production such as distillers grain 
(dry milling) and corn gluten feed (wet milling) are utilized as animal feed. About 50 - 80 % 
of the phosphorous in corn is in the form of phytate (inositol hexakisphosphate) which cannot 
be digested by non-ruminant animal and is released in the environment with animal waste.  
Side streams formed during the corn-ethanol production, such as light steep water (wet milling) 
and thin stillage (dry milling), contain phosphorus concentrations that are several orders of 
magnitude greater than wastewater, potentially enabling cost effective recovery, yet 
precipitation of phytate in these side streams is poorly understood. Lab-scale experimental 
analysis was conducted over a wide range of pH values and calcium to phosphorous molar 
ratios and results have shown substantial potential for chemical precipitation to recover 
phosphorous from these side streams.  
Our analysis for light steep and thin stillage observed total phosphorus removal of greater than 
90% could be achieved and showed sensitivity to both pH and calcium to phosphorus molar 
ratio. Results from batch experiments for diluted light steep filtrate samples (100x) have shown 
that final total phosphorous could be reduced to as low as 25-30 (mg/l as PO4
3-) . Results for 
batch experiments for diluted thin stillage samples (33x) showed a slightly higher final total 
phosphorous concentration of around 40-45 (mg/l as PO4
3-).  
Solids produced from full-strength experiments for specified conditions were characterized 
using various characterization techniques such as elemental analysis, SEM, XRD, particle-size 
analysis, total proteins analysis and 31P NMR. The solids analysis indicates co-precipitation 
iii 
 
of proteins and presence of other metal ions such as magnesium and potassium in the 
precipitated samples.  
Our study indicates that excess phosphorous in light steep and thin stillage could be 
removed/recovered by using appropriate pH conditions and calcium to phosphorous ratios. The 
precipitation is not kinetically constrained and is expected to be thermodynamically controlled 
and thus the minimum concentrations that can be achieved under similar pH and Ca:P molar 
ratio should remain constant with change in dilution. Phosphorous recovery from these side 
streams has the potential to reduce excess phosphorous in the wastewater and the co-products 
generated by these plants. This could reduce direct and indirect phosphorous pollution caused 
by the plants.  
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CHAPTER - 1 
INTRODUCTION 
Phosphorous is an essential element required to sustain elementary functions in all forms of 
cellular life. It is a structural component of DNA or RNA required to transfer genomic 
information, part of ATP (adenosine-5’-triphosphosphate) which is the energy currency of the 
cell and also forms phospholipids required by cell membranes1,2. Calcium phosphates are 
required for the formation and maintenance of bones in all vertebrates1,2. 
Since the advent of the Green revolution and modernization of agriculture farmers have 
increasingly utilized inorganic fertilizers to enhance crop production3,4. Before the 
industrialization farmers all over the world were dependent upon natural sources of 
phosphorous for all agricultural purposes. During the last 35 years there has been a 3.48-fold 
increase in inorganic phosphorous fertilization3. Global phosphorous mobilization has roughly 
quadrupled during the last 75 years majorly utilized for fertilizer production5. Its estimated that 
90% of the global phosphorous demand is for food production2,4,6. These phosphorous 
resources which include soil phosphorous and mineral ores takes millions to years to build-up 
in the Earth crust thus making it a non-renewable resource as per civilization timescale (1000 
years)2,4.  
Inorganic fertilizers are derived from mined phosphate rocks which are limited and non-
uniformly located. Almost 90% of global Phosphorus reserves are located in Morocco & 
Western Sahara, China, Algeria, Syria and South Africa5,7,8. Several studies even suggest that 
these reserves could be depleted within next 50-100 years as per current rates of extraction4,5,7. 
The potential of global phosphorous shortage is now recognized as one of the biggest 
challenges for sustainable development and global food security4,9. 
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Phosphorus cycle in sedimentary and it is primarily recycled by burial in aquatic sediments1. 
Phosphorous has its own bio-geochemical cycle which has been disrupted by the increased 
human intervention over time1,2. In recent times, human activities for the purposes of human 
consumption have caused accelerated erosion, runoff, leaching, sewage and organic waste 
production leading to disruption of the natural phosphorous cycle2,10.  All of the above leads to 
excess phosphorous flows to watersheds causing an excess of nutrients in the water bodies. It 
has been estimated that the increase in net phosphorous storage in terrestrial and freshwater 
ecosystems alone to be at least 75% greater than pre-industrial levels10.  
Excess phosphorous when combined with other required nutrients including Carbon and 
Nitrogen has driven algal growth in lakes and coastal regions. Agricultural sources are 
considered as the major cause of Eutrophication in many regions of the world11,12. This can 
often upset the food and oxygen budget of the water bodies13. Creating zones with sever oxygen 
depletion causing damage to the aquatic ecosystems. Zones of low oxygen (<2 mg/l) often 
reffered to as hypoxic zones14.  They have always existed but the occurrence of hypoxia has 
rapidly expanded over the past few decades11. 
The Eutrophication of coastal waters in the 21st century has been primarily linked to excessive 
nutrient inputs from the human activites15. These has been an exponential increase in dead 
zones since the 1960s. The reported dead zones extend to over 2,54,000 square kilometres in 
over 400 ecosystems around the world16.  
Eutrophication and hypoxia not only incurs environmental/ecological impacts, but also social 
as well as economic consequences associated with it. It has several direct negative 
consequences which includes loss of aquatic ecology, degrading aesthetics, human health 
impacts, losses to fishing industry and many more3,11,13. It also have some indirect economic 
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or financial impacts which could include the cost of water treatment, degradation of value of 
affected coastal properties and loss to tourism industry11.    
We have constructed a mass balance of primary phosphorous flows in United States in order 
to understand the contribution of variety of sources (as defined in Figure 1.1). The amount of 
phosphorous flow in corn-ethanol production is greater than the flow in human wastes and 
losses and almost a quarter of excess phosphorous in animal manure. This phosphorous flow 
could have a potential for recovery or recycling as majority of the phosphorous in the co-
products produced by corn-ethanol industry is not utilized by the animal production units. This 
is an untapped resource whose potential is poorly understood or characterized at this point of 
time.  
 
Figure 1.1: Sankey diagram showing phosphorous flows in United States (based on 2012 data) 
Phosphorous management is getting increasing attention in recent times and will get more and 
more importance as the phosphorous management regulations grow stringent with time as well 
as with the growth of corn-ethanol industry. In 2015, Illinois Environmental Protection Agency 
released its nutrient reduction loss reduction strategy which aims at 25% reduction in total 
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phosphorous flows by 2025 and 45% reduction in long term.  This might mean stringent 
regulation on phosphorous for corn-ethanol processing plants in future.  
As per the report from AFDC (Alternative Fuels Data Centre, 2016), 98% of the domestic 
ethanol production was from corn grain which accounts for about 44% of the total corn 
production in the United States. According to the Renewable Fuels Association (pocket guide 
to ethanol, 2016) data the United States has a capacity to produce more than 15 billion gallons 
of ethanol per year out of which about 90% of the ethanol produced comes from dry milling 
process, while the remaining 10% from wet mills. The co-products of  corn-ethanol distillation 
such as dry distiller’s grain with solubles, DDGS (from dry milling) and corn gluten feed, CGF 
and corn gluten meal, CGM (from wet milling) are utilized as animal feed.  
More than half of the phosphorous in corn is in the form of phytate which cannot be digested 
by non-ruminant animals and is released to the environmental with animal waste17. The corn-
ethanol production directly impacts environment due to nutrient pollution from agricultural 
run-off, wastewater from corn-ethanol plants and animal manure run-off.  
The objective of this work is to investigate the potential of phosphorous removal from wet 
milling and dry grind corn processing facilities using chemical precipitation with calcium. 
Batch experiments were conducted at multiple pH and Ca:P molar ratios for light steep (wet 
milling) and thin stillage (dry-grind processing) sample to understand the potential for 
phosphorous recovery from these steams. Experimental results were used to understand and 
analyse the potential for removal. Detailed charecterization on solids collected for specific 
conditions of pH and Ca:P molar ratios was conducted to understand the composition and 
mechanism for removal. 
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CHAPTER-2 
LITERATURE REVIEW  
2.1 Phosphorous Flow and its Distribution 
Ethanol production utilizes only the starch in the grain; the remaining one-third of the corn 
grain which is protein, fat and fiber returns to animal feed as distiller’s grain also known as 
DDGS (major) and other co-products. During the process of dry milling milled corn is 
fermented to produce ethanol and whole stillage. This whole stillage is centrifuged to produce 
thin stillage and wet distiller’s grain18. This thin stillage is then sent to an evaporator for drying 
purposes and its solids are eventually mixed to produce DDGS and other co-products18. The 
phosphorous in corn grain gets leached due to the fermentation process and finds its way to 
thin stillage. Thin stillage is known to have high phosphorus concentrations in some cases the 
highest in all the streams produced during the dry milling process19. Thus, this stream is a major 
contributor of phosphorous in the co-products produced by dry milling plants and reducing 
concentrations in this stream can reduce excess phosphorous in co-products. This which reduce 
excess phosphorous in animal manure and can potentially reduce phosphorous flows to the 
environment.  
Initial step in the process of wet milling is steeping. In this process of steeping clean corn is 
soaked in an aqueous solution containing small amounts of sulphur dioxide and lactic acid20. 
Fresh water is added in the process at starch washing unit and leaves as steep water condensate 
as wastewater21. Light steep water also known as light steep and steeped corn are produced 
from the process. Similar to the thin stillage stream in dry milling process the light steep goes 
through evaporation to produce heavy steep and solids from these streams eventually gets 
concentrated and ends up into the corn gluten feed. Light steep water is reported to have high 
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phosphorous concentrations21.  Thus, recovering phosphorous from this stream could 
potentially reduce phosphorous flows into the co-products and eventually to the environment. 
Phosphorous (P) is often characterized in terms phytate-P (organic) and inorganic-P or 
phosphate-P9,17,19,21,22. The properties of phosphorous depends upon its chemical environment 
thus understanding its distribution is important to understand its behaviour. About 50-80% of 
the phosphorous in co-products derived from corn-ethanol processing plants is organically 
bound as phytate17.   
Table 2.1: Average reported phosphorous concentration for light steep and thin stillage streams 
Stream reported Average phosphorous concentration on dry basis  
Light Steep  42.5 mg/g21 
Light Steep 34.4 mg/g17 
Thin Stillage 23.8 mg/g19 
Thin Stillage 19.4 mg/g18 
 
Rausch el al. (2005) sampled from three wet milling plants and reported LS phosphorous 
concentrations to be 3.2-5.2 mg/g.  About 20 % of the phosphorous in light steep was in the 
form of phosphate P and the rest was in soluble phytate form17.  
For thin stillage Liu and Han et al. (2011) characterized the phosphorous distribution based on 
data analysed for three dry-grinding processing plants. The averages for the data states that 
around 50% of the phosphorous was in form of phytate-P and approximately 30% was reported 
as inorganic-P19.  
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Figure 2.1: Process description for corn wet milling plant (general) adopted from Rausch at al. 
(2005)21 
 
Figure 2.2: Process description for corn dry milling plant (general) adopted from Alkan-
Ozkaynak and Karthikeyan (2012)18 
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2.2 Phytate and its Chemistry 
Phytic acid (C6H18O18P6) is the major phosphorous storage unit for most cereals legumes and 
oilseeds23. It acts as a primary phosphorous reserve accounting for up to 85% of the total 
phosphorous in cereals and legumes24,25. Phytic acid is also commonly known as myo-inositol 
hexa-phoshphoric acid and scientifically known as 1,2,3,4,5,6-hexakis(di-hydrogen 
phosphate)26. However, phytic acid is found in nature in form of its salts and is generally 
referred as phytate27. Phytate is the major form of phosphorous found in the light steep and thin 
stillage as discussed above (section 2.1) and thus having an insight in its chemistry is important 
in order to understand its potential for removal. 
Phytic acid molecule has 12 replaceable protons out of which six are determined to be in the 
strong acid range (pKa 1.1 to 2.1), one in the weak acid range (pKa 5.7), two others with pKa 
6.8 to 7.6, and three very weak acids (pKa > 10)
28. According to another study, phytic acid 
contains six strong acid groups (pKa 1.9 to 3.2), three weak acid protons (pKa = 5.2,6.3, 8.0) 
and thre very weak acid protons (pKa 9.2 to 9.5)
29. The difference in their data could be 
contributed to the use of difference in cations for titrations. Under physiological pH conditions, 
therefore, phytic acid is extensively ionised and is capable of interacting strongly with proteins 
and with metal ions24.  
2.3 Calcium Phytate Precipitation  
Phytate is also a potentially strong ligand and can form stable complexes with various metal 
cations such as Calcium (Ca), Magnesium (Mg), Zinc (Zn) & Iron (Fe)23. The most commonly 
used chemical for precipitation of phosphorous in wastewater industry are iron, aluminium, 
calcium and magnesium30–32. Phytate is often been considered as an anti-nutrient because of its 
potential to bind with metal ions (also forms insoluble precipitates) which could decrease their 
bioavailability24,33,34. However, this potential of phytate to bind with metal ions could be used 
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to our advantage for removal and recovery of phosphorous in form of phytate from light steep 
and thin stillage. 
Calcium phytate has proven to have lower solubility at neutral and basic pH than magnesium 
phytate in presence of excess metal35.  The potential for precipitation of phytate with metals 
from corn-ethanol side streams is poorly understood. For the purpose of this study we focus on 
understanding the potential of calcium towards phosphorous removal from light steep and thin 
stillage samples.  
Studies have shown that in solutions containing Ca2+ and phytate a number of complexes with 
stoichiometry’s that depend on the metal to ligand ratio can form35–39. At Ca:P molar ratio 
greater than 5 the main species is Ca5(phytate) although if Ca is present in large excess 
Ca6(phytate) may also be formed and at lower metal ion to ligand ratios the complexes Can, 
(phytate) (n=1 to 4) may form23,36,37. The mono- and di-calcium species are soluble whereas 
the tri-calcium or higher complexes are very insoluble23. Calcium and phytate are very soluble 
upto acidic pH of 4 and insoluble above pH 623,38. A rapid drop in solubility was observed at 
pH 5.5 to 6.0 for calcium phytate34. Above pH 6, the optimum molar ratio range for calcium 
precipitation with phytate in synthetic water is reported to be around 4 to 6.535,36. Phytate 
solubility decreased as Ca:P molar ratio increased and had shown complete precipitation above 
the Ca:phytate molar ratio of 536. A few studies have reported the solubility product values for 
the penta calcium-phytate complex as defined below: 
Table: 2.2 Solubility product for Penta Calcium Phytate complexes: 
pKso Conditions Study 
39.3 0.15 M NaClO4 , 37 
oC Veiga at al. (2006) 
22 0.2 M KCl, pH = 5-6, 25 oC Evans and Pierce et al. (1981) 
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2.4 Protein-phytate and Protein-mineral-phytate Interactions 
Phytic acid has 12 replaceable protons, allowing it to complex with multivalent cations and 
proteins25. It is highly charged with six phosphate groups and so is an excellent chelator, 
forming insoluble complexes with mineral cations and proteins40,41. It has often been 
considered as an anti-nutrient as it can bind with minerals and proteins and thus alter their 
enzymic activities as well40,42. The interactions between proteins and phytic acid depends upon 
the pH conditions and availability of divalent cations. At pH values below the isoelectric point 
of proteins (when the proteins are positively charged) phytic acid binds strongly to the cationic 
groups of proteins forming binary protein-phytate complexes34,41,43,44. Above the isoelectric 
point (approximately pH 5) both are negatively charged and bind in the presence of metal 
cations to form ternary protein-mineral-phytate complexes34,43. The negatively charged groups 
in proteins may be linked to phytate through cations particularly calcium44. Calcium 
concentration is expected to affect the extend of ternary complex formation and the excess 
calcium might lead to formation of calcium phytate complexes43,44. 
2.5 Calcium Phosphate Precipitation 
A variety of calcium phosphate compounds are known to precipitate from saturated solutions 
depending upon the physical and chemical conditions of the environment45. Some of the 
important compounds are CaHPO4.2H2O (dicalcium phosphate dehydrate, DCDP), 
Ca4H(PO4)3.2.5H2O (octacalcium phosphate, OCP), Ca3(PO4)2 (tricalcium phosphate, TCP or 
amorphous calcium phosphate, ACP) and Ca5(PO4)3OH (hydroxyapatite, HAP)
45–47. For all the 
above defined compounds Ca:P molar ratio lies between 1 and 1.747. Among all the above HAP 
is known to be the thermodynamically most stable one but the formation of other calcium 
phosphate compounds is based on kinetics46.  
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Calcium phosphate precipitation depends upon various parameters which include calcium and 
phosphate concentrations, supersaturation, ionic strength, temperature, pH and residence time 
as well48. DCDP is the one that is believed to precipitate most rapidly and HAP is the 
thermodynamically most stable one47.  Phosphate precipitation by addition of calcium salts 
leads to formation of both DCDP and ACP at about neutral pH values (around 7) and to ACP 
for higher pH values if the residence time is low for formation of HAP48,49. Transformation of 
ACP to HAP depends upon pH range as well as residence time48.  
The presence of other ions can significantly affect the precipitation of calcium phosphate 
compounds by competing for common ions for co-precipitation as well as altering the solution 
conditions such as pH and ionic strength. The presence of diphosphonates and polyphosphates 
containing P-C-P and P-O-P bonds in their molecules are known to inhibit calcium phosphate 
precipitation50. Organic legends (citrate in the study) have the potential to cause an inhibiting 
affect for calcium phosphate precipitation by binding to active growth sites of newly formed 
nuclei46. They can also compete for calcium in the solution thus may cause change in calcium 
concentration and supersaturation. Thus, ions which have the potential to form complexes with 
calcium or phosphate ions in solution might have an inhibitory affect for calcium phosphate 
precipitation. 
2.6 Recovering Phosphorous  
The need to reduce and recover phosphorous from co-products of corn processing has been 
reiterated in recent times22,51. In a study conducted by Reif and Carlson (2005), alkaline metal 
hydroxide was utilized to precipitate phosphorous from light steep water which52. They were 
able to precipitate at least 75% of the phosphorous in steep water using calcium. They also 
studied the potential to convert organic phosphorous to its inorganic forms from the solids 
derived to increase the bioavailability of phosphorous.  
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Recently He et al. (2017) published a study discussing a method to extract phytate from co-
products of dry-grind ethanol process. The study discuss the potential of anion exchange 
technology to remove and purify phytates from thin stillage.  
A very few attempts have been made to understand the potential for removal and recovery of 
phosphorous from co-products to reduce downstream phosphorous pollution. Our study is 
focussed on analysing the precipitation of phosphorous compounds from light steep and thin 
stillage using calcium and alkaline conditions to induce precipitation and characterize the 
precipitate formed.  
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CHAPTER - 3 
MATERIALS AND METHODS 
3.1 Sampling and Solution Preparation 
Light steep (LS) and thin stillage (TS) samples were collected from wet and dry milling plants 
respectively and were stored frozen at 0oC to avoid any deterioration of samples. Samples were 
unfrozen and filtered using whatman qualitative filter paper (grade 2) as required for the 
purpose of experiments. Standard solution of 0.1 M Calcium Chloride (using ACS grade 
Anhydrous Calcium Chloride) was prepared by adding dry reagent to distilled water. 0.1 N 
NaOH solution was prepared by adding 10 N NaOH solution to distilled water. Diluted samples 
were prepared by adding light steep filtrate and thin stillage filtrate to distilled water.  
The conditions for experiments were varied by adjusting the Calcium concentration using 
calcium chloride salt solution to vary the Ca:P molar ratio and diluted sodium hydroxide was 
used to vary the pH of the experiment. The pH during the experiments was continuously 
monitored using pH meter. A pH robe (Thermo Scientific Orion VERSA STAR, USA) was 
used to continuously monitor the pH of the solutions. All batch experiments were conducted 
using 500 ml of total solution (TSF or LSF, 0.1 N CaCl2 and 0.1 N NaOH) volume in a 1L 
beaker. A magnetic stirrer plate and magnetic bead were used at 300 rpm speed to provide 
continuous mixing and avoid settling of precipitate. 
3.2 LSF Batch Analysis  
For the purpose of conducting batch experiments to understand the precipitation and kinetics 
of precipitation all samples were diluted by 100 X with distilled water and a further 2.5 X 
dilution was required during the total-P analysis as the range for total P analysis is 0-100 (mg/l 
as PO4
3-). The Ca:P molar ratio required for calcium phyate or cacium phosphate precipitation 
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depends upon the pH as well as other solution conditions but stoichiometric ratios required are 
always less than 235,36,47. For the purpose of this study the Ca:P molar ratio was varied as 1, 1.5 
and 2.  To understand the potential for removal pH was varied from the initial pH of the diluted 
solution to a pH value where the removal was not significantly affected by the change in pH 
for each Ca:P molar ratio respectively. The pH points were kept constant and Ca:P molar ratio 
was varied for each pH value as can be seen in Table 3.1 (experimental matrix). 
3.3 TSF Batch Analysis 
 In case of TSF all samples were diluted by 33 X with distilled water and a further 2.5 X dilution 
was required during total P analysis (to get in the range for the analysis). This was done in 
order to make sure that the initial concentration for all batch experiments was between 225-
250 (mg/l as PO4
3-) for 100X dilution and 90-100 (mg/l as PO4
3-) after a further dilution of 
2.5X. Based on our analysis we had found that TSF was less concentrated in terms of total-P 
thus less dilution was required for TSF. The Ca:P molar ratio was varied similar to LSF so that 
we could compare the results of removal for both the streams. However, TSF samples showed 
precipitation at different pH levels compared to LSF. Hence pH was varied from 6.0 to 10.0 
instead of 4.6 to 8.0 as done for LSF batch experiments. 
3.4 Experimental Analysis 
Batch experiments are conducted with diluted samples, Calcium Chloride (CaCl2) and Sodium 
Hydroxide (NaOH) were added as required to adjust Ca:P molar ratios and pH respectively. 
The samples were continuously stirred at all times during the experiment to ensure proper 
mixing using magnetic stirrer plate. Then samples were collected at different time durations (0, 
5, 10 and 15 minutes) using 10 ml syringe and filtered using 0.22 µm filter paper. 2ml of the 
sample was mixed with 3 ml of distilled water in cuvette test tubes. Initial concentration as 
total-P as PO4
3- (in mg/l) is measured at time interval 0 minutes. Fileted samples were analysed 
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calorimetrically for total-P as PO4
3- (in mg/l) using Molybdovanadate Method with acid 
persulfate digestion. The Light Steep Filtrate (LSF) and Thin Stillage Filtrate (TSF) samples 
were diluted so that the initial concentration in the samples is within the range of analysis for 
the total-P method (0-100 mg/l as PO4
3-).  Series of experiments are conducted for both LSF 
and TSF at various pH and Ca:P molar ratio to determine the effect of pH and Ca:P molar ratio 
on precipitation.  
 
Figure 3.1: Diagrammatic representation of experimental setup for batch experiments with 
pH probe and mixing setup 
Table 3.1 Experimental matrix for batch analysis conducted 
Sample pH points Ca:P molar ratios 
Light Steep Filtrate 4.6, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5 and 8.0  1, 1.5 and 2.0 
Thin Stillage Filtrae 6.0,  7.0, 7.5, 8.0, 8.5, 9.0, 9.5 and 10.0 1, 1.5 and 2.0 
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3.5 Experiments with Full-strength LSF and TSF 
 For the purpose of understanding the final total-P (in terms of mg/l as inorganic 
phosphatehosphate) concentration that could be achieved in the undiluted streams for future 
practical applications full-strength experiments were conducted for selected conditions which 
are described in the section 4.5. Concentration Calcium chloride solution and NaOH were 
added to the filtered LSF and TSF samples to achieve required ratio and pH conditions. Final 
total-P were analysed calorimetrically for total-P as PO4
3- (in mg/l) using Molybdovanadate 
Method with acid persulfate digestion. 
3.6 Solids Characterization 
Solids produced from full-strength experiments for specified conditions (Table 4.1) were 
characterized using various characterization techniques such as elemental analysis, SEM, 
XRD, particle-size analysis, total proteins analysis and 31P NMR. This was done in order to 
understand the composition (elemental and calcium salts) and physio-chemical characteristics 
of precipitate formed. The agronomic value of the precipitate depends upon the composition 
and characteristics of precipitate and thus its potential for reuse could be estimated by solids 
characterization techniques. 
3.6.1 Sample Preparation for Solids Analysis 
Freeze drying is an extensively used non-destructive dehydration technique. It is used in our 
case for sample preparation to make sure that the precipitate is moisture free without altering 
the physio-chemical characteristics of the substance.   
A series of experiments were conducted for selected conditions with non-diluted samples to 
get appropriate amount of precipitate which was used for characterization purposes. 
Concentrated CaCl2 and NaOH solutions were used to achieve the required Ca:P molar ratio 
and pH conditions. After 15 min of residence time the solution was transferred in 50 ml 
17 
 
centrifuge tubes. The sampled tubes were centrifuged at 10,000 X g for 10 min to recover the 
solid precipitate.  The solids recovered after centrifugation were frozen at -20oC for 24 hours 
before freeze drying. The samples were put into the freeze dryer and the system was run on 
auto mode until the frost had disappeared from the sample container and no more cold spots 
could be detected. The samples were still removed after a few hours to make sure low moisture 
content.  
3.6.2 Elemental Analysis  
Samples collected for the selected conditions were analysed for elemental composition using 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)/Carbon Hydrogen 
Nitrogen (CHN) analysis at microanalysis Laboratory at the School of Chemical Sciences at 
University of Illinois at Urbana-Champaign by experts. This analysis helps us to understand 
the elemental composition and Ca:P molar ratios in the precipitate. 
3.6.3 Total Proteins Analysis 
Precipitate samples were submitted to the Illinois Crop Improvement Association, Champaign 
to be analysed for total proteins. Liquid samples before and after precipitation for the same 
conditions were also analysed to understand the protein removal from the LSF and TSF 
samples. It is important to understand the removal of proteins from LSF and TSF streams as 
they have nutritional value for the co-products produced by wet and dry milling plants 
respectively which are used as feed for animal production. This could impact the quality of 
feed produced by these plants. 
3.6.4 Nuclear Magnetic Resonance (31P-NMR) Analysis 
Precipitate samples were analysed at the NMR laboratory in School of Chemical Sciences at 
University of Illinois at Urbana-Champaign to understand the P bonding in the solids 
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precipitate. This could help us to differentiate between organic and inorganic phosphorous 
compounds in the samples being analysed. 
3.6.5 Scanning Electron Microscope (SEM) analysis 
The morphology of the recovered solids was observed using a Hitachi S-4700 SEM. The solids 
were coated with a ≤12 nm thick Au/Pd layer with an EMITECH K575 sputter coater to reduce 
sample charging.   The analysis was carried out in part in the Frederick Seitz Materials Research 
Laboratory Central Facilities, University of Illinois. 
3.6.6 X-Ray Diffraction (XRD) analysis   
Recovered solids were ground to a powder and analysed for crystalline phase identity using a 
Siemens/Bruker D-5000 X-ray powder diffraction system with a Cu K-alpha target. The 
analysis was carried out in part in the Frederick Seitz Materials Research Laboratory Central 
Facilities, University of Illinois. It might be used to identify the calcium phosphate compounds 
such as HAP in the solids. 
3.7 Solution Characterization 
The TSF and LSF solutions were characterized using Ion-Chromatography (IC) and particle-
size analysis for specified conditions. IC analysis could be utilized to understand the inorganic 
phosphorous concentrations in the samples and particle-size was required to see if there is any 
agglomeration of solids in the solution. 
3.8.4 Ion-Chromatography (IC) Analysis 
Filtered samples for selected conditions were analysed at the Sanitary District of Decatur, IL 
laboratory to determine inorganic phosphate in the filtrate samples. This could help us to 
understand the inorganic phosphate precipitation in the samples. This could help us to 
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understand and optimize the conditions for precipitation as inorganic phosphate and phytate 
needs different stoichiometry’s and physio-chemical conditions for precipitation. 
3.8.8 Particle-size Analysis 
This analysis was conducted with Mastersizer 3000 at the hydro systems laboratory at 
University of Illinois at Urbana-Champaign. It was conducted to understand the particle size 
distribution during the precipitation in the LSF and TSF solutions. This could be useful for the 
understanding the potential for agglomeration in the solutions.  
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CHAPTER-4 
RESULTS AND DISCUSSION 
4.1 Initial Characterization of LSF and TSF samples  
The initial concentration for diluted samples (100x for LSF and 33x for TSF) was measured to 
be within a range of 225-250 (mg/l as PO4
3-) for majority of the experiments. The initial pH of 
the diluted LSF samples was measured to be around 4.6. The initial pH of the diluted TSF 
samples was measured to be around 5.2. Most reported concentrations for phosphorous or other 
metals in literature are on dry basis whereas we have analysed in terms of volumetric 
concentration (mg/l) thus a comparison is difficult. Light steep is more concentrated in terms 
of phosphorous than thin stillage.  The elemental composition of LS and TS before and after 
filtration is shown below: 
Table 4.1: Elemental composition of full strength samples 
 
Ca Fe K Mg Mn S Zn 
Sample  mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
LS  63.0 13.9 10216 1867 6.95 1591 16.2 
LSF  49.1 13.6 9926 1876 6.96 1551 16.2 
TS  33.1 7.77 2827 636 1.94 216 6.70 
TSF 19.6 5.04 2797 640 1.97 141 6.37 
 
4.2 LSF Precipitation (100x diluted samples) 
Our analysis for light steep observed total phosphorus removal of greater than 95% could be 
achieved and showed sensitivity to both pH and calcium to phosphorus molar ratio. The total 
phosphorous removal was analysed for diluted solutions but the above percentage removal is 
calculated based on the assumption that final concentration of total phosphorous would remain 
same for full-strength samples as well. Results from batch experiments for diluted light steep 
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filtrate samples (100x) have shown that final total phosphorous (TP) could be reduced to as 
low as 25-30 (mg/l as PO4
3-).  
The final TP concentration was found to be strongly dependent upon the pH and Ca:P molar 
ratios. The total P removal increased with increase in pH with a steep increase in removal 
around pH 5.5-6.0 and then slowly decreases and flattens around the pH of 7-8 depending upon 
the Ca:P molar ratios. The effect of Ca:P molar ratio depends upon the pH range of the solution. 
It was observed that higher removal could be achieved at relatively lower pH values if higher 
Ca:P molar ratio was applied. However, the lowest concentration that could be observed 
irrespective of the change in Ca:P molar ratio was found to be around 25-30  (mg/l as PO43-)  
and was achieved at the pH value of 8.   
The observation that the TP removal is dependent on both pH and Ca:P molar ratio is consistent 
with previous studies for both calcium phytate and calcium phosphate precipitation as their 
precipitation is expected to be dependent on solution pH and Ca:P molar ratios. As discussed 
in literature review for calcium phytate (section 2.3), we can expect significant precipitation 
for a pH range of 5.5-6.0 if sufficient Ca:P molar ratio (around 1 or greater) is applied.  The 
TP removal for light steep filtrate follow the trend expected for calcium phytate precipitation 
which could also be indicative of presence of high phosphorous in terms of phytate in light 
steep samples. The required Ca:P molar ratio is higher than what is expected for pure calcium 
phytate solution and this could probably be attributed to the presence of other ions (interactions 
with phytate and calcium) in the light steep samples as well as possibility for co-precipitation 
of other calcium salts including calcium phosphates.  
 4.3 TSF Precipitation (batch analysis for 100X diluted samples) 
Our analysis for thin stillage observed total phosphorus removal of greater than 90% could be 
achieved and showed sensitivity to both pH and calcium to phosphorus molar ratio. The total 
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phosphorous removal was analysed for diluted solutions but the above percentage removal is 
calculated based on the assumption that final concentration of total phosphorous would remain 
same for full-strength samples as well. Results from batch experiments for diluted thin stillage 
filtrate samples (100x) have shown that final total phosphorous (TP) could be reduced to as 
low as 40-45 (mg/l as PO4
3-).  
The final TP concentration for TSF samples was also found to be strongly dependent upon the 
pH and Ca:P molar ratios. The total P removal increased with increase in the pH with a 
substantial drop in final TP concentration around pH 7.5-8.5 and then slowly decreases with 
increase in the pH up to 10, depending upon the Ca:P molar ratios as well. The effect of Ca:P 
molar ratio depends upon the pH range of the solution. It was observed that higher removal 
could be achieved at relatively lower pH values if higher Ca:P molar ratio was applied. 
However, the lowest concentration that could be observed was found to be around 40-45 (mg/l 
as PO43-)  for Ca:P molar ratio of 1.5 or greater at a pH of 10.0.    
The observation that the TP removal is dependent on both pH and Ca:P molar ratio is consistent 
with previous studies for both calcium phytate and calcium phosphate precipitation as their 
precipitation is expected to be dependent on solution pH and Ca:P molar ratios. The pH and 
Ca:P molar ratios required for precipitation are higher than what could be expected for pure 
calcium phytate solutions. This could possibly indicate the presence of higher amount of 
inorganic phosphate in the samples. It could also be a result of interference from other ions in 
the system for complexation with calcium or phosphorous.  As discussed in section 2.5 the 
presence of organic legends and phytate can have an inhibitory impact on precipitation of 
calcium phosphate compounds. Also the presence of proteins and starch can effect calcium 
phytate precipitation and thus change the pH and Ca:P requirements for precipitation.  
 
23 
 
 
Figure 4.1: The final TP concentration (z-axis) associated with pH (x-axis) and Ca:P molar 
ratio (y-axis) for batch experiments with diluted light steep samples (left side) and thin stillage 
filtrate samples (right side) 
As observed from Figure 4.1 the final TP concentration that could be achieved for both LSF 
and TSF is dependent on both Ca:P molar ratio and pH. It can also be observed that a higher 
Ca:P ratio is required for lower pH range to achieve similar final TP concentration and vice 
versa.  This indicates that a trade-off exists between Ca:P ratio and pH of the solution to achieve 
similar phosphorous removal. The pH range and Ca:P ratio required to achieve a similar final 
TP concentration varies depending upon the stream of LSF and TSF. Our analysis indicates 
that higher removal could be achieved in LSF as compared to TSF. It could be hypnotized that 
the difference in composition of these two streams as well as to the distribution of phosphorous 
in terms of organic and inorganic phosphate with in the streams may be contributing towards 
the differences in phosphorous removal and pH and calcium to phosphorous molar ratios 
required for them.   
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4.4 LSF and TSF Precipitation (concentration-time analysis) 
The final TP concentration-time graphs (Figure 4.2) for both LSF and TSF indicates that most 
precipitation occurs instantly before the first sample is grabbed at 5 minutes of time interval 
and the final concentration as TP remains constant for the other two data points at 10 and 15 
minutes.  This observation was consistent with all pH values and Ca:P molar ratios. This 
indicates that the precipitation is not kinetically constrained and could be kinetically controlled 
which would mean that the final concentration of treated streams should be independent of the 
dilution used.  
The data shown in the Figure 4.2 is for Ca:P molar ratio at 2. This ratio is kept at maximum to 
avoid any limitation on calcium availability for the purpose of understanding the kinetics and 
effect of pH on TP removal. Not all pH values are shown in the figure and the pH values are 
selected based on substantial change in final TP concentration (from section 4.1). The graphs 
differ for LSF and TSF as the optimum pH ranges to achieve a particular final TP concentration 
varies. However irrespective of the stream (LSF or TSF) and pH, complete removal is achieved 
before first sample is grabbed at 5 minutes indicating that the reaction are not kinetically 
constrained.  
 
Figure 4.2: Time (x-axis) vs total-P concentration (y-axis) for four varied pH values for light     
steep filtrate (left) and thin stillage filtrate (right). 
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4.5 Full-Scale Experimental Results 
For the purpose of these experiments Ca:P molar ratio was kept at 2 to avoid any limitation of 
calcium in the solution. Highest pH and a pH were significant drop in final TP concentration 
was observed were selected for this analysis. For LSF pH of 5.5 and 8 were selected for the 
purpose of analysis. In order to have a comparison between LSF and TSF phosphorous removal 
similar pH values of pH 6.0 and 8.0 were selected for TSF. From table 4.2 it can be observed 
that the full-scale final TP data is within 20% range of the diluted sample analysis data which 
indicates that the final TP concentration remains same irrespective of the dilution of the sample. 
This confirms that the reaction is thermodynamically controlled and total removal of 
phosphorous from these streams is dependent of Ca:P molar ratio (equilibrium concentration) 
and pH conditions. 
For all characterization experiments and results the below defined terminology is applicable: 
LSF 5.5 – Light Steep Filtrate obtained during precipitation at pH 5.5 (Ca:P molar ratio is 2) 
LSF 8.0 – Light Steep Filtrate obtained during precipitation at pH 8.0 (Ca:P molar ratio is 2) 
TSF 6.0 – Thin Stillage Filtrate obtained during precipitation at pH 6.0 (Ca:P molar ratio is 2) 
TSF 8.0 – Thin Stillage Filtrate obtained during precipitation at pH 8.0 (Ca:P molar ratio is 2) 
Table 4.2: Final total-P concentration comparison for diluted and non-diluted samples after 
precipitation for LSF and TSF at defined pH values 
Sample pH TP (in mg/l as PO43-) in 
diluted samples (100X) 
TP (in mg/l as PO43-) in 
full-scale samples 
LSF – 5.5 5.5 76.3 84 
LSF – 8.0  8.0 24.3 29 
TSF – 6.0 6.0 60.6 60 
TSF – 8.0  8.0 41.8 39 
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4.6 Solids Characterization Results 
The solids characterization indicates that LSF and TSF both contain proteins and other 
elements such as magnesium and potassium which indicates co-precipitation of proteins as well 
as other compounds. The observed Ca:P molar ratio is higher in the TSF precipitate as 
compared to LSF. This could be attributed to the fact that precipitate samples from LSF have 
more proteins (positively charged) and other cations (Mg and K) which might be satisfying the 
charge balance by interacting with the anions and precipitating along with calcium compounds.  
This might add to the agronomic value of the precipitated solid as this could act as a good NPK 
fertilizer with calcium and magnesium as well. The SEM and XRD analysis indicates non-
crystalline structure of solids which could be due presence of organic phosphorous and other 
co-precipitants might be inhibiting crystallization. 
4.6.1 Elemental (ICP-OES/CHN) and Protein Analysis 
The elemental analysis indicated that the ratio of C:P in the precipitate is  more than what can 
be expected due to phytate precipitation and could be indicative of co-precipitation of proteins 
and other organics along with phosphorous. The presence of magnesium and potassium in 
small amounts confirms the co-precipitation or surface adsorption of compounds other than 
calcium phosphates (both organic and inorganic).   
The results of protein analysis as shown in table 4.4 for solid precipitate confirms that there is 
co-precipitation of proteins in the solids. It also indicates that samples derived from LSF has 
more proteins in them as compared to the TSF derived samples.  
The Ca:P molar ratio in the precipitate is comparatively higher for samples derived from TSF 
as compared with LSF.  This could be explained from the fact that the LSF solids have more 
proteins and other cations (Mg and K) in the precipitate as compared to the TSF samples which 
could be satisfying the charge balance and co-precipitating with anions in the system. It can 
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also be observed as the pH increases the Ca;P molar ratio in the precipitate also increases. This 
could be indicative of more inorganic phosphorous is being precipitated at the higher pH (as 
more Ca:P ratio for inorganic phosphorous precipitation is higher than required for phytate 
precipitation) and/or excess calcium is being precipitated during co-precipitation.  
The change in pH does not have a significant impact on the composition of the solids for both 
LSF and TSF which might indicate that the mechanism for precipitation remains same although 
ionic activities might change with pH and thus the concentrations will change. 
Table 4.3: Elemental analysis for precipitated solids from LSF and TSF at defined pH values 
 
Table 4.4: Total proteins in precipitated solids from LSF and TSF at defined pH values 
Sample Crude Proteins (in % dry mass) 
LSF – 5.5 15.2 
LSF – 8.0 15.4 
TSF – 6.0 7.2 
TSF – 8.0 6.9 
 
 
 
Sample Ca P K Mg C H N Ca:P 
molar 
ratio 
C:P 
molar 
ratio 
LSF  
pH-5.5 
12.6 7.1 2.3 0.8 19.0 3.9 2.3 1.37:1 6.9 
LSF  
pH-8.0 
13.5 7.0 2.5 1.4 19.8 3.6 2.5 1.49:1 7.3 
TSF 
pH-6.0 
21.6 10.1 1.0 0.5 14.1 2.5 0.5 1.66:1 3.6 
TSF 
pH-8.0 
21.5 9.2 0.9 0.6 14.6 2.5 0.72 1.81:1 4.1 
All weights are in % dry wt. after lyophilisation 
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4.6.2 SEM Analysis 
All samples look similar to each other under SEM imaging as can be seen in figure 4.3. This 
might be indicative of that amorphous precipitation may be occurring and these is no 
crystallization. Also, the SEM does not match the SEM images expected for calcium phosphate 
minerals. This might be infer that the precipitation is due to organic calcium compounds whose 
SEM data is not available.  Lyophilisation might be the reason for similar imaging as well. 
Particles have shown some agglomeration during the process and thus show similar SEM 
imaging. 
 
 
Figure 4.3: SEM images for precipitated samples from LSF at pH=5.5 (top-left), pH=8 (top-
right) and TSF at pH=6.0 (bottom-left) and pH=8.0 (bottom-right)  
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4.6.3 XRD Analysis 
XRD analysis for all the samples follow the similar trend as seen in figure 4.4. The peak at 12-
15° which could indicate to amorphous carbon peaks. It indicates that there is large amount of 
carbon in the system which does not allow us to see any other peaks for identifying the different 
crystalline phases present in precipitates. This confers with the elemental analysis which shows 
that there is a large amount of carbon in the system probably causing interference in XRD 
analysis. 
 
Figure 4.4: XRD analysis for precipitated samples of LSF and TSF at defined pH values as 
sown in the figure. 
4.6.4 NMR Analysis 
This analysis was conducted to differentiate between inorganic phosphate and phytate 
phosphorous within the solid samples. The data was found to be at insufficient resolution to 
differentiate between different forms of phosphorous within the solids. 
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4.7 Solution Characterization  
The solution characterization results indicates that the inorganic phosphate to total phosphate 
ratio is higher in TSF as compared to LSF. Similar levels of removal could be observed in LSF 
and TSF samples which could be indicative of similar mechanism of removal in both the 
samples. Also, the particle size analysis for both LSF and TSF indicate most particles are less 
than 100 microns which could indicate low agglomeration potential within the residence time 
of the experiments.  
4.7.1 Ion-Chromatography Analysis (solution analysis) 
This analysis is conducted to measure inorganic phosphate in liquid samples. It indicates the 
ratio of inorganic phosphate to TP is higher for TSF as compared to LSF. It can also be 
observed that higher precipitation of inorganic phosphate occurs in TSF samples as compared 
to LSF at pH 8 which could also lead to higher Ca:P ratio in the solids as observed in elemental 
analysis as well. However, similar levels of final TP concentration is observed for both LSF 
and TSF samples obtained at pH 5.5 which might indicate similar mechanism of precipitation 
for both LSF and TSF. The variation of final TP levels in the samples at pH 8 could be due the 
difference in composition (elemental and chemical compounds) as well as co-precipitation in 
the streams of LSF and TSF. 
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Figure 4.5a: Comparison of Total-P to inorganic phosphate concentration in 100X diluted 
samples before and after precipitation for LSF and TSF samples at defined conditions of pH 
and Ca:P molar ratio. 
 
Figure 4.5b: Comparison of percentage removal of total-phoshorous and ortho-phosphorous 
for LSF and TSF samples at defined coditions of pH and Ca:P molar ratio 
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4.7.2 Particle-size analysis 
This analysis is conducted with LSF and TSF during the precipitation experiments at 100X 
dilution. The particle size distribution for both LSF and TSF shows large volume of particles 
are below 100 micron size indicating negligible agglomeration. The LSF-8 and TSF-8 samples 
show similar particle size distribution as well which might infer that the precipitation is 
amorphous for both cases.  
 
Figure 4.6: Class size (x-axis) vs volume density (y-axis) of particles for 100X diluted light 
steep filtrate and thin stillage filtrate samples at selected conditions 
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CHAPTER – 5 
FUTURE OUTLOOK 
The results show that calcium has the potential to reduce phosphorous from light steep (wet 
milling) and thin stillage (dry-grind processing) streams by using appropriate pH and calcium 
to phosphorous ratios. The understanding of solubility and precipitation of organic 
phosphorous compounds needs to be improved. In order to better understand the mechanism 
of precipitation synthetic experiments need to conduct in future to understand the solubility 
product of calcium phytate and calcium phosphate in presence of proteins and other major 
organics present in the above streams. Metal ions such as magnesium and iron also have the 
potential to precipitate phosphorous from light steep and thin stillage streams which needs to 
studied and compared with calcium.   
Future works also need to focus on understanding the agronomic value of precipitate with 
laboratory and field scale studies. We also need to understand the effects of phosphorous 
recovery from these streams on co-products in terms of their nutritional as well as economic 
value. Techno-economic assessment of implementation of precipitation methods in the wet 
milling and dry-grind operations should be the next step in the series. 
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